A narrow band based WSGGM with a gray gas regrouping technique is proposed for nonhomogeneous and nonisothermal combustion gas mixtures. Applying the multiplication property of narrow band-average transmissivities for gas mixtures of CO 2 -H 2 O, the number of gray gases, required for accurate representation of the absorption characteristics by using the narrow band based WSGGM, is increased drastically. To reduce the computational loads by reducing the number of gray gases, we propose a gray gas regrouping process where the gray gases used for the WSGGM are regrouped into a specified number of groups according to the magnitudes of absorption coefficients. To evaluate the proposed WSGGM for gas mixtures, the radiative transfer problems through CO 2 -H 2 O gas mixtures in 1-and 3-dimensional enclosures are solved numerically by using the discrete ordinates method. The radiative heat source terms and the radiative heat fluxes obtained by using the proposed method are fairly well compared to those obtained by using the more accurate statistical narrow band model with an excellent computational efficiency.
Development of the WSGGM Using a Gray Gas Regrouping Technique for the Radiative Solution within a 3-D Enclosure
Filled with Nonuniform Gas Mixtures
Introduction
In order to analyze the radiative heat transfer, solution schemes of the radiative transfer equation (RTE) and radiative property models are required. Especially the spectral behavior of combustion gases is very complicated and there are various levels of spectral resolutions for radiative property models. These models can be classified into three classes. The first class is the line-by-line (LBL) model (1) , (2) . While the LBL is useful for providing benchmark solutions, it is not feasible in multidimensional applications. The second class includes band models such as the various statistical narrow band (SNB) models (3) , (4) , the correlated-k (CK) model (5) , (6) , and the exponential wide band (EWB) model (7) . Among them, the SNB and EWB models yield the band transmittance and absorptance for given radiation paths over specified spectral ranges and they cannot be easily imported into the common radiative solvers such as the discrete ordinate method (DOM) and other differential approximate methods. The SNB model is generally recognized as an accurate model which is suitable for practical applications. The last class includes global models that do not conserve any spectral information, and the global models are limited to problems with gray wall and/or particle, and are generally less accurate than band models. In despite of those defects, the global models in a computer code for full simulation of complex, large-scale and three-dimensional systems are frequently used for engineering purposes due to the computational efficiency.
Among the global models, the weighted sum of gray gases model (WSGGM) introduced by Hottel and Sarofim (8) has been recognized as a practical tool, which yields fairly accurate results with reasonable computation load for engineering problems. The concept of WSGGM is to replace the real gas by a weighted sum of a number of gray gases. Modest (9) showed that the WSGGM was applicable with any desired solution methods. Modified WSGGMs such as spectral group model (10) , spectral line based weighted sum of gray gases (SLW) model (11) - (13) obtained from the line-by-line spectra of the absorbing gas, and the narrow band based WSGGM (14) , (15) have been developed and successfully applied. However, the previous WSGGM parameters such as the most widely used classical WSGGM parameters suggested by Smith et al. (16) were developed for some fixed gas compositions of CO 2 and H 2 O while the actual combustion gases showed arbitrary composition ratios of these gases for various kind of fuels and equivalence ratios.
The purpose of this study is to apply the narrow band based WSGGM to non-isothermal and non-homogeneous media having arbitrary compositions. By applying the multiplication property of narrow band-averaged transmissivities to the CO 2 and H 2 O mixture gases, the required number of gray gases for the WSGGM becomes very large to represent the radiative characteristics of combustion gases. In order to improve the computational efficiency of the WSGGM, we need to reduce the number of gray gases. Therefore a gray gas regrouping process is introduced and a new mean absorption coefficient for each group is obtained by using the Planck mean type absorption coefficient. The present narrow band based WSGGM with the gray gas regrouping process (WSGGM-RG) is validated in one-and three-dimensional enclosures.
Application of the WSGGM for Gas Mixtures

1 The WSGGM for gas mixtures
The hypothesis that the spectra of the two absorbing gases in a narrow band are uncorrelated is generally accepted and holds for CO 2 -H 2 O mixtures with fairly good accuracy (5) , (6) . Then the transmissivity of the gas mixture of CO 2 and H 2 O over a narrow band can be expressed by multiplying the individual transmissivity of each gas as
Thus, the narrow band averaged transmissivity of CO 2 -H 2 O mixtures by the form of the narrow band based WSGGM (14) , (15) can be expressed as
By comparing Eqs. (1) and (2), the spectral weighting factor W mix (η) and the absorption coefficient κ mix for the gas mixture can be determined as
The number of the gray gases for the real gas mixture,
Using the functional form of the absorption coefficient in Kim and Song (15) , the local gray gas absorption coefficient of CO 2 -H 2 O mixtures can be expressed as
2 Parameters of the WSGGM
The best-fitting parameters for κ i0 's, α i 's and W i (η)'s of the WSGGM are determined by minimizing the errors of the modeled narrow band-averaged emissivity. The object function for the minimization is expressed by the summation of the errors between the true emissivities and the modeled emissivities by the WSGGM for the specified range of temperature and path length in homogeneous and isothermal gas layers. True narrow band-averaged emissivities are obtained by using the SNB model with an exponential tailed inverse line strength distribution (4) and parameters by Soufiani and Taine (20) . The temperature and path length ranges considered are 300 -2 500 K and 0.01 -10.0 m, respectively. Each narrow band has a wavenumber interval of 25 cm −1 between 150 cm −1 and 9 300 cm −1 . Six κ i0 and five α i are considered. With combination of each κ i0 and α i , total number of gray gases required for a pure gas is 30. The detailed process for acquiring the parameters of the WSGGM is explained in Kim and Song (15) . Since the weighting factors of CO 2 practically do not depend on X CO 2 and for combustion gases from hydrocarbon fuels X CO 2 has a value near 0.1, the spectral weighting factors are obtained for all narrow bands in a 10%CO 2 -90%N 2 (N 2 is transparent gas) gas. However, the spectral weighting factors are also obtained where the molar fractions of H 2 O are 10 −2 , 10 −1 , 0.4, 0.66 and 1.0, respectively. Spectral weighting factors of CO 2 -H 2 O mixtures are then determined by multiplying each spectral weighting factor of CO 2 and H 2 O as shown in Eq. (3.a) and the total weighting factors are calculated by integrating spectral weighting factor over the considered wavelength range. The total weighting factors are dependent on temperature and then they are tabulated as a function of gas temperature and X H 2 O , where 20 temperature values from 300 K to 2 500 K with a 100 K interval is considered. A linear interpolation is used to determine the weighting factor for temperature and X H 2 O at the given point.
3 The gray gas regrouping process
The required number of gray gases for the narrow band based WSGGM becomes very large to represent the radiative characteristics of combustion mixture gases. In order to improve the computational efficiency of the WSGGM for gas mixtures while reserving the accuracy of the WSGGM, a gray gas regrouping process is introduced. The gray gas regrouping process is performed by comparing the magnitudes of the gray gas absorption coefficients. For this process, an exponential function of gray gas absorption coefficients, exp(−κ re f ), based on a reference temperature and reference partial pressures of CO 2 and H 2 O in the considered system is considered. The possible range between 0 and 1 for the exponential function for the gray gas absorption coefficients is subdivided into a pre-specified number of M new groups. Therefore M new becomes the new number of gray gases after the gray gas regrouping process. For the gray gas regrouping process, the whole range of the exponential function is subdivided into M new groups with unequal intervals determined by nodes; 0, 0.001, ( If there are certain groups with no gray gases after the regrouping process, these groups are discarded and the same numbers of groups are re-generated in turn by dividing the group with most gray gases into two groups.
The new weighting factor, W i,new is obtained by simply summing up the original weighting factors of the gray gases in the i-th group as
where N i is the number of gray gases in the i-th group and the subscript new means the parameter after the gray gas regrouping process. The new absorption coefficient of i-th group, κ i,new , can be expressed in the form of Planck mean absorption coefficient as
Physically the weighting factor in Eq. (6) corresponds to the fraction of blackbody energy in the spectral region of the effective absorption coefficient. Then the fraction of blackbody energy in the i-th group can be denoted by the W i,new .
Numerical Results and Discussions
1 One-dimensional problem
To test the proposed WSGGM for one-dimensional applications, profiles of the gas temperature and the partial pressures of CO 2 and H 2 O for a diffusion flame given in Fig. 1 , which is used by Bedir et al. (17) , are considered. Distance between the two infinite parallel plates is 0.02 m. The radiative transfer problem for CO 2 -H 2 O-N 2 mixture at 1 atm between two infinite parallel black plates is solved by using the present WSGGM and the DOM (18) . The medium is subdivided into 40 grids of equal width and 20 directions of Gaussian quadrature (18) . The reference of temperature and partial pressure are chosen as the mean values over the computation domain. The effect of the number of gray gases on the results is examined by performing the calculations by varying between 4 and 20 gray gases. It is found that the results obtained by using 4 gray gases differ from those obtained by using 5 gray gases by 0.3% in the average relative error. As the number of gray gases is increased over 5, accuracy is not much improved Figure 2 compares the distributions of radiative source terms (−∇·q) obtained by using the WSGG-RG4 (M new = 4) model and the SNB results (17) . As shown Fig. 2 , the WSGG-RG4 model estimates more net emission than the SNB model near the location of highest temperature. Considering the SNB solution as a reference, the error in predicting the peak source term value is about 11% for the WSGG-RG4 model.
The results obtained by using the present WSGG-RG4 model are fairly well matched with the reference solutions by the SNB model. The c.p.u times required for the SNB model are nearly 100 times that required for the WSGG-RG4 model for this problem.
2 Three-dimensional problem
The 3-dimensional system considered in this study is a rectangular enclosure of 2 m × 2 m × 4 m. All surrounding walls are black at 300 K and the total pressure of the gas mixture is kept at the atmospheric pressure. Three different cases are considered for this study. Liu (19) generated some accurate nongray radiative solutions for the same three-dimensional enclosure by using the ray-tracing method with T 4 quadrature set (20) and the SNB model (4) with Soufiani and Taine's narrow band parameters (21) . In this study, we used the DOM and the T 4 quadrature set with the same grid systems used by Liu (19) . Coelho (22) also performed some comparative numerical works using various radiative models for the same problems. The results by Liu (19) and Coelho (22) are used as the comparison data in this study and reference values of all errors are the results by Liu (19) .
2. 1 Pure H 2 O with uniform temperature and concentration distributions (case 1)
In this case, the pure H 2 O gas maintained at a uniform temperature of 1 000 K and the atmospheric pressure is considered. The radiative heat source terms and radiative heat fluxes obtained by using the WSGG-RG4 model (P CO 2 ,re f = 0.0, P H 2 O,re f = 1.0, T re f = 1 000 K) are compared with those obtained by using the SNB model by Liu (19) as shown in Fig. 3 . The results obtained by using the WSGG-RG4 model are well matched with the reference solutions. Table 1 shows the average and maximum errors of the radiative heat source terms using the WSGG-RG4 and other models. The errors for WSGG-smith, SLW-3 and SLW-20 models are taken from Coelho (22) . The WSGGsmith denotes the results obtained by using conventional WSGGM with the parameters generated by Smith et al. (16) The SLW-20 and the SLW-3 denote the results obtained by using the SLW model with 21 and 4 gray gases including additional transparent gas. For the SLW-3, the number of gray gas is reduced to 4 (including clear gas) using optimized absorption cross sections in the considered system. When the present WSGG-RG4 model is applied, the average relative errors of the radiative heat fluxes are low than 0.5%, while the errors of the radiative heat source terms are slightly large, but do not exceed 7.3%. The average relative errors of the radiative heat fluxes using the WSGG-RG4 model are lower than those by using the SLW-20 which is expected more accurate than the SLW-3, but the average relative errors of the radiative heat source terms are larger than the error by using the SLW-20 model. The relative error of radiative heat source terms along the centerline is lower than those obtained by using the SLW-3 model, but the average error along (x, 1 m, 0.375 m) is slightly larger than those obtained by using the SLW-3 model.
2. 2 H 2 O-N 2 mixture uniform temperature and non-uniform concentration distributions (Case 2)
In the second case, the gas is maintained at a uniform temperature of 1 000 K, but the medium is a non-uniform mixture of H 2 O and N 2 at the atmospheric pressure where the mole fraction of H 2 O is given a parabolic function. Figure 4 shows the radiative heat source terms and radiative heat fluxes, and the results by using the WSGGM-RG7 (P CO 2 ,re f = 0.0, P H 2 O,re f = 0.5, T re f = 1 000 K) are well matched with the benchmark results. Table 2 shows average and maximum relative errors. The average and maximum errors of the radiative source terms along the centerline and along (x, 1 m, 0.24 m) for WSGG-RG7 model are less than the errors for other all models although the errors of radiative heat fluxes are slightly large, but they do not exceed 4.4% and 6.2%, respectively. The WSGG-RG7 model shows fairly good results within 5% of average relative errors and 8% of maximum errors respectively for the results along all considered lines.
2. 3 CO 2 -H 2 O-N 2 mixture with non-uniform temperature and uniform concentration distributions (case 3)
In this case, the profiles of the gas temperature and the gas compositions are considered as a typical gas-fired furnace with a centered bottom burner. The medium is considered as the homogeneous mixture of 10% CO 2 , 20% H 2 O and 70% N 2 used in the paper (19) . The radiative heat source terms along the centerline (1 m, Figure 5 shows the radiative heat source terms and radiative heat fluxes. These figures show that the results obtained by using the WSGG-RG10 model are fairly well compared with the benchmark results (19) . Table 3 shows the average and maximum relative errors of the radiative heat source terms and radiative heat flux for the WSGG-RG10 and various other models. In Table 3 , the SLW-di is the results using SLW model with the double integration and SLW-cv is the results using SLW model with the convolution approach for CO 2 -H 2 O mixtures. The double integration is more accurate than the convolution approach, but the double integration needs significantly more computational demand in case of mixtures of two and more absorbing gases; generally the SLW-di demands large computation time of the square as of SLW-cv approximately. As an example the calculation time of the SLW-di is from 2 times to 25 times as large as that of SLW-cv for this case in Coelho (22) . The relative error of the peak radiative source value (net emission) using the WSGG-RG10 model is 10.3% which shows relatively large error, but the average relative error is 4.05%. The WSGG-RG10 model predictions are in good agreement with the SNB data with average relative error below 4.4%, and the average relative errors of radiative source term and radiative heat flux for the WSGG-RG10 are less than those for other models except the SLW-di20. The proposed WSGGM shows satisfactory performance in both accuracy and computational efficiency.
Conclusion
The WSGGM proposed for arbitrary gas mixtures of CO 2 -H 2 O is successfully applied to solve the radiative transfer problems in 1-and 3-dimensional enclosures filled with nonhomogeneous and/or nonisothermal media. To reduce the computation time while reserving the accuracy, an effective gray gas regrouping process is suggested. Using only less than 10 gray gases after the regrouping process, the proposed WSGGM is proved to be quite accurate. The radiative heat source terms and the radiative heat fluxes obtained by using the present model are fairly well compared with the results by using the SNB model. We conclude that the proposed WSGGM with the gray gas regrouping technique can be used as an engineering tool for modeling the radiative transfer with fairly good accuracy and computational efficiency.
